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Over the past years, considerable efforts have been devoted to study the impact and effect of CNTs in living cells and to investigate their cellular fate after internalization. [1] [2] [3] [4] [5] [6] [7] [8] These efforts
were motivated by the fact that the subcellular behavior of CNTs is a critical issue that will help to evaluate the health and environmental impacts and to determine any future biological application of these nanomaterials. Perhaps the most commonly used technology to study the post-uptake behavior of CNTs is by fluorescence microscopy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] However, the insight provided by these studies did not tell much about the spatiotemporal behavior of CNTs which is needed to track and understand their intracellular behavior and fate. [10] [11] [12] Therefore, experimental tools that allow facile study of the spatiotemporal interactions between CNTs and subcellular components for visualization and tracking of post-uptake behavior are needed.
In order to visualize the spatiotemporal behavior of SWNTs, we have evaluated raster scan image correlation spectroscopy (RICS) to track the subcellular dynamic behavior associated with single walled carbon nanotubes (SWNTs) diffusion and transport (see Supporting Text I for details on this technique). RICS is intriguing for the measurement of molecular diffusion, transport and biomolecular interactions because of its single molecule sensitivity. 13 The large bandwidth, compatibility with well-established microscopy techniques and the availability of powerful data analysis platforms have made it the method of choice to study transport problems in cells and molecular aggregation. 14 
RICS is a noninvasive image analysis technique based on
fluorescence fluctuation correlation analysis. RICS can detect and quantify dynamic events in live cells. Molecular dynamics on time scales ranging from microseconds to milliseconds can be measured by RICS. [15] [16] [17] The basic idea behind the RICS approach is that the molecular dynamics cause fluctuations in fluorescence intensity at a given pixel during confocal imaging. Upon movement of the molecules to a neighboring pixel, the fluorescence fluctuations propagate to the new pixel and can be correlated with that of the original pixel with a certain time delay. 18 This 4 spatial correlation during the raster confocal scanning occurs in a scale that depends on the diffusion rate of the fluorescent molecules controlled by viscosity of the medium and/or binding/unbinding dynamics. Therefore, the analysis of the RICS signals helps to extract information about two important processes in cells, consisting of diffusion and binding/unbinding of fluorescent molecules to specific locations in the cells. 16 Previous studies on the subcellular distribution of SWNTs showed that attaching fluorescein isothiocyanate (FITC) to their walls rendered their cellular fate controllable. shuttle between the vacuolar and cell membranes to expel SWCNTs out of the cell (SI Fig. S1 ). 10 Therefore, we utilized the basic knowledge provided by these studies to direct SWNTs to either the cytoplasm or the cell vacuole and to study their spatiotemporal behavior throughout the cell via RICS.
The first step in any RICS measurement by confocal microscopy is to calibrate the focal volume of the laser beam waist by fitting the RICS function of a fluorophore of known diffusion coefficient (D). Rhodamine-6G (D = 426 µm 2 s -1 at 25°C) 19 was used for daily calibration of the 5 focal volume prior to RICS measurements. Furthermore, the laser transmission was optimized to provide a reasonable ratio between the magnitude of the correlation fit at origin [G RICS (0)] and the residuals-of-the-fit (R f ). 15 The G RICS (0)/R f ratio of 8:1 was chosen to calculate the laser beam waist. Higher laser transmission-though providing higher G RICS (0)/R f ratios-were excluded to avoid photobleaching (Table a in Fig. 1, SI Fig. S2 ). Since FITC was found to be a suitable functional tag to direct SWNTs toward specific cellular compartments, 10 we employed FITC as fluorescent probe and as a cellular-address tag to guide SWNTs to the cell vacuole and/or to the cytoplasm. Initially, free FITC in PBS was used as a control to optimize the imaging conditions. (Fig. 1c) .
To investigate the dynamic behavior of FITC inside living cells, we used suspended cells of the genetically recalcitrant plant model Catharanthus roseus. 22 Following incubation with free unbound FITC, the fluorescence signals were localized in both the cytoplasm and the cell vacuoles (Fig. 2a) . RICS analysis of the FITC vacuolar diffusion resulted in a diffusion value of 132±9 µm 2 s -1 (Fig. 2a, SI Fig. S3 ). This diffusion value was in a close approximate to our reported range (120-150 µm 2 s -1 ) of FITC diffusion in the vacuoles of Catharanthus cells. 10 A small area of the cell was, then, selected with the zoom tool (white box in Figure 2b ) and 50 6 frames were collected (the average intensity is shown in Figure 2b , which includes part of the vacuole and cytoplasm). Subsequently, RICS was applied to the ROI shown in Figure 2b . Based on RICS measurements, the average diffusion value of FITC in cytoplasm of Catharanthus cells was 1.8±0.2 µm 2 s -1 (Fig. 2c,d ).
Our primary objective in this study was to spatially resolve the transport and diffusion From the diffusion maps shown in Figs. 3b-e, we observed that FITC diffuses faster than FSWNTs in cytoplasm and at both the plasmalemma and the tonoplast (Fig. 3c, The faster subcellular diffusion of FITC enabled temporal visualization of changes in their spatial heterogeneity within 20 s (Fig. 3b) . These changes are possibly governed by the distribution of subcellular organelles. This indeed offered a close-up temporal view of FITC behavior inside Catharanthus cells. Nevertheless, we found that the slower diffusion of FSWNTs was less likely to be tracked in the cytoplasm (Fig. 3d) . This is possibly because that the sensitivity of the RICS approach is limited to diffusion values between (0.1 -1,000 µm 2 s -1 ) 15 and, therefore, the slow cytoplasmic diffusion of F-SWNTs was around the lower limit of RICS 8 detection. Although the temporal tracking of the spatial heterogeneity of diffusion was not successful for F-SWNTs, the successful temporal tracking of FITC diffusion exploits a powerful feature of the RICS analysis. This feature can be applied to investigate the temporal change in molecular dynamics of other nanomaterials with faster subcellular diffusion.
By scaling-up the molecular transport at the tonoplast barrier, the carrier-mediated molecular transport of FITC was resolved and showed an uninterrupted distribution through the tonoplast ( hypothesize that the occurrence of autophagy ('self-eating') as an important post-uptake behavior induced by the SWNTs. It is essential to note that autophagy is an ubiquitous stress response in eukaryotic organisms that targets damaged organelles for vacuolar degradation. 24 Therefore, autophagy can be understood as a protective cellular response that help the cell to eliminate SWNTs with the damaged organelles into the lytic vacuole. Autophagy could represent a protective mechanism working together with the vesicle mediated transport to eliminate SWCNTs accumulating inside the vacuole.
To further support this mechanism of organelles recycling and SWNTS vacuolar clearance, we decided to investigate the tonoplast ultrastructure using high resolution transmission electron microscopy (HRTEM). Interestingly, HRTEM image of Catharanthus cells incubated with FSWNTs showed the autophagy response at the tonoplast (Fig. 4d,e) . Autophagy in F-SWNTsincubated cells was evidenced through the appearance of damaged Golgi bodies (Fig. 4d, SI Fig.   S6 ) in cell vacuoles while no sign of autophagy was observed in control cells incubated in FSWNTs-free medium (Fig. 4f) . Taken together, RICS and HRTEM analyses suggested that F-SWNTS could enter cell vacuoles through autophagy as a response of SWNTs-induced stress which we propose to cause damage to some organelles. These results documented the first spatiotemporal mapping of CNTs behavior inside living cells and provided a functional platform to visualize and study vital cellular processes such as carrier-mediated transport and autophagy.
In summary, the data resulted from this study aimed at introducing a new experimental methodology to act in concert with a technically very important nanomaterial to visualize and track poorly understood subcellular events. We proposed to harness the unique spatiotemporal performance of RICS analyses with the unique physicochemical characteristics of CNTs to induce, track and understand specific cellular responses. In our study, the subcellular dynamics of kinetin. The culture and incubation procedures with FITC and F-SWNTs were essentially the same as described previously. [10] To study the effect of probenecid, 5 mM probenecid was added to the cell suspension followed by 100 µL of F-SWNTs solution to achieve a concentration of 5 µg/mL.
Confocal microscopy imaging of living cells:
After incubation with FITC, cells were stored at 4° C and imaged directly to avoid the fast clearance of the FITC into the vacuoles via the protein transporters. Three hundred µL of cell suspension was placed in glass bottom dishes (Matsunami, Kishiwada, Osaka, Japan). Live cell images were taken using 10×, 40× and 100× objectives lenses on both a laser scanning confocal microscope (Olympus, FV1000). The Olympus microscope was equipped with a multi-line Ar laser (458 nm, 488 nm, 515 nm), a HeNe(G) laser (543 nm, 1 mW), and an AOTF laser combiner plus a set of ion deposition and barrier filters.
Images were acquired and analyzed using Fluoview software.
Raster scan image correlation spectroscopy: Olympus FV 1000 microscope with 60× 1.25NA oil objective (Olympus, Tokyo, Japan). The scan speed was set at 8 µs/pixel (Rhodamine-6G and FITC controls) or 12.5 µs/pixel (FITC and F-SWNTS diffusion into the cytopolasm). The scan area was 256 × 256 pixels and 100 frames were collected for each experiment. The digital zoom of the microscope was set to 16.4, which corresponds to a pixel size of 50 nm and a region of 12.5 µm 2 . For the FITC excitation, we used the 488 nm line of the argon ion laser. The imaging parameters were adjusted as described in Rossow et al. [15] Data were collected in the pseudo photon counting mode of the Olympus FV 1000 microscope. We used the SimFCS program (Laboratory for Fluorescence Dynamics). Data were collected in the 256 × 256 frame format.
Fitting of the RICS function was carried out according to the equations for diffusion as described in Digman et al after removal of the immobile fraction. [16] [17] [18] 
Notes
The fluorescence data were analyzed using the Globals software package developed at the Laboratory for Fluorescence Dynamics at the University of Illinois at Urbana-Champaign. The experimental work and data analysis were done in the Department of Applied Chemistry, Nagoya University, Japan.
